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METHOD AND APPARATUS FOR PRECODL
CROSSTALK MITIGATION

PRIORITY CLAIM

This application claims priority to provisional patent
application having Ser. No. 60/424,961 filed on Nov. 7, 2002

having title METHOD AND APPARATUS FOR EQUAL-
[ZATION AND CROSSTALK MITIGATION and provi-
sional patent application having Ser. No. 60/471,180 filed on
May 16, 2003 having title METHOD AND APPARATUS
FOR EQUALIZATION AND CROSSTALK MITIGA-
TION.

FIELD OF THE INVENTION

The invention relates to communication systems and, in
particular, to a method and apparatus for equalization and
crosstalk mitigation.

RELATED ART

Modern communication systems achieve data communi-
cation between transceivers located at remote locations. To
increase data communication rates, communication system
cabling arrangements often include numerous conductors 1n
close proximity to transport a signal between remote loca-
tions. These systems may be referred to as multi-channel
communication systems. Furthermore, communication
devices are often constructed on circuit boards containing
numerous conductors, traces, or electrical devices. In all of
these instances, coupling between channels of a multi-
channel communication system may occur, thereby intro-
ducing interference into the other channels. This type of
interference 1s generally referred to as crosstalk.

As 1s commonly understood, crosstalk may be character-
1zed as near end crosstalk (NEXT) and far end crosstalk
(FEXT), depending on the source of the crosstalk that 1s
introduced and the recipient or victim of the crosstalk. FIG.
1 1llustrates an example transceirver system with FEXT
coupling. As shown a first set of transceivers 104A—-104D 1s
part of Station A 102, which 1s located at a first location.
Station A 102 communicates over channels 108A—-108D
with a second set of transceivers 112A—-112D that are part of
Station B 110 and which are located at a second location.
FEXT type crosstalk 1s shown in FIG. 1 by coupling lines
116 AB, 116AC, and 116 AD with channel 108A as a victim
channel. Signals on each of the adjacent channels, 1.e., the
disturber signals on the disturber channels, often couple nto
the victim channel 108 A and thereby interfere with reception
of the desired signal being transmitted on the victim channel.
For example, the signal on channel 108 A will have coupling
from the signals transmitted onto Channels 108B—-108D.

Similarly, the signal transmitted over the victim channel
108A may couple onto the other channels 108B—-108D.
These coupling signals are shown in FIG. 1 as coupling
signals 120BA, 120CA, and 120DA. Hence, the processing
and decoding of the signals transmitted over channels
108A—108D 1s made more dithicult by the coupling that
occurs between channels.

While attempts have been made to overcome the eflfects of
coupling, none of these attempts adequately reduces the
presence or eflects of crosstalk. One such attempt 1s detailed
in U.S. Pat. No. 6,236,645 1ssued to Agazzi. The Agazzi
reference teaches a cancellation system associated with each
receiver 1n a multi-recerver system. The cancellation system
disclosed in the Agazzi reference may be characterized as
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2

utilizing tentative decisions to reduce the eflects of coupling
onto a signal by making assumptions about the signal, such
as a symbol value, that was sent on another channel. The
tentative decision may be described as a guess regarding a
symbol value that was sent on the channel.

The Agazzi reference does not, however, eliminate sufli-
cient coupling to overcome all the drawbacks of the prior art,
and hence, even when adopting the teachings of the Agazzi
reference, coupling continues to interfere with isolation of
the recerved signal. One particular drawback to the teachings
of the Agazzi reference 1s that the system of the Agazzi
reference continues to sufler from decision device error
resulting from crosstalk corruption of a signal because 1t
makes tentative decisions based on the analysis of a signal
that includes an unacceptable amount of noise or coupling.
Incorrect decisions may occur as a result, thereby 1increasing
error rates. Further, the filter proposed for use by the Agazzi
reference 1s undesirably complex, since 1t must span the
convolution of the channel response with the coupling
response. This undesirably limits processing speeds.

Furthermore, prior art solutions often do not address
many aspects of coupling signal cancellation. Such aspects
include coupling that occurs at frequencies that differ from
that of the disturber signal and signals that couple into the
victim signal yet propagate through the victim channel at
rates different from that of the disturber signal.

The method and apparatus disclosed herein overcomes the
drawbacks of the prior art and enables more accurate signal
decoding and processing than previously possible. More-
over, transmission at higher data rates with lower error rates,
as compared to the prior art, 1s also enabled.

SUMMARY

To overcome the drawbacks of the prior art, disclosed
herein 1s a multi-channel communication system having a
first station and a second station configured to communicate
over two or more channels. In one embodiment, this system
comprises a first station having two or more transmitters
configured to send two or more transmitted signals over two
or more channels from the first station to the second station.
Also part of this embodiment 1s a second station having two
or more receivers configured to process a received signal
wherein each receirved signal comprises the transmitted
signal and one or more coupling signals. In this embodiment
at least one of the recervers may comprise a decision device
configured to generate a decision output based on at least the
received signal and a modified decision output. A feedback
system 1s provided and configured to generate the modified
decision output and combine the modified decision output,
the received signal, and one or more imcoming FEXT
cancellation signals. An adder 1s part of the receiver and 1s
configured to add the modified decision output from the
decision output to create an mntermediate signal and one or
more ELFEXT filters are also provided and configured to
process the intermediate signal to create one or more out-
going FEX'T cancellation signals.

It 1s contemplated that the communication system may be
turther configured to transmit data from the second station to
the first station. In addition, the one or more mcoming
cancellation signals comprise one or more cancellation
signals configured to remove FEXT coupling from the
received signal and the adder may be further configured to
add the modified decision output to one or more mcoming
cancellation signals arriving from the decision output to
create the intermediate signal. In one embodiment the ELF-
EXT filter 1s configured to account for an ELFEX'T portion
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of FEXT coupling. In one embodiment each receiver at the
second station generates a unique cancellation signal tai-
lored for each of the other receivers at the second station. It
1s contemplated that the feedback system may comprise a
decision feedback filter and that the decision device may °
comprise a slicer. In one embodiment, the multi-channel
communication system comprises a four-channel communi-
cation system configured to operate in accordance with an
Ethernet Communication Standard and each transmitter may
comprise one or more FEXT precode filters configured to 1©

generate and provide one or more precode cancellation
signals to other transmitters.

Also disclosed herein 1s a multi-channel communication
system configured to reduce noise. In one embodiment this
system comprises one or more transmitters configured to
transmit a {irst signal on a first channel and a second signal
on a second channel. Also part of this system 1s a {first
receiver configured to receive a third signal on the first
channel and a second receiver configured to receive a fourth
signal on the second channel, wherein the third signal
comprises the first signal and a first interference component
and the fourth signal comprises the second signal and a
second 1nterference component.

15
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In this configuration, the first receiver comprises the
tollowing parts. A first feedback filter loop that 1s configured
to receive the third signal and reduce interference on the
third signal such that the output of the first feedback filter
loop comprises a first feedback filter loop output and a first
decision device having a first decision device output con-
figured as part of the first feedback filter loop. The first
device 1s provided and configured to receive a second
cancellation signal from the second receiver and combine
the second cancellation signal with the first feedback filter
loop output. A first filter 1s configured to receive at least the
decision device output and generate a first cancellation
signal.

25
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A second recerver comprises a second feedback filter loop
that 1s configured to receive the fourth signal and reduce
interference on the fourth signal such that the output of the 4,
second feedback filter loop comprises a second feedback
filter loop output. A second decision device 1s provided to
create a second decision device output configured as part of
the second feedback filter loop. A second device 1s config-
ured to receive the first cancellation signal from the first 45
receiver and combine the first cancellation signal with the
first feedback filter loop output. A second filter 1s configured
to receive at least the second decision device output and
generate the second cancellation signal.

In one embodiment, the first device and the second may 50
comprise summing junctions. In one embodiment the first
teedback filter loop and the second feedback filter loop both
comprise a decision feedback filter configured to reduce
intersymbol interference. In one configuration the multi-
channel communication system has four channels and the 55
interference comprises FEXT coupling. The first filter and
the second filter may comprise digital filters having coetli-
cient values selected to generate cancellation signals that
cancel FEX'T coupling. In one embodiment, the one or more
transmitters further comprise precode FEXT filters such that 60
cach precode FEXT filter 1s configured to generate a can-
cellation signal that can be combined with a signal, prior to
transmission of the signal, to pre-cancel FEXT coupling.
Moreover, at least one of the one or more transmitters may
be configured to generate an outgoing precode cancellation 65
signal and receive an icoming precode cancellation signal
from another transmitter.

4

In another embodiment a receiver for use mm a multi-
channel communication system to cancel coupling on a
transmitted signal and reduce intersymbol interference 1s
provided wherein a distorted version of a transmitted signal
and FEXT coupling comprise a combined signal. The
receiver comprises a first device configured to recerve and
combine a feedback signal with the combined signal to
create a decision device mput signal and a decision device
configured to process the decision device input signal to
generate a discrete output. A decision feedback equalizer 1s
also provided and 1s configured to receive and process the
discrete output to generate an equalizer output. A second
device 1s provided to combine an immcoming cancellation
signal with the equalizer output to create the feedback
signal. Also part of this embodiment are one or more
ELFEXT filters, each configured to generate an outgoing
cancellation signal that 1s related to the discrete output,
wherein the outgoing cancellation signal 1s tailored to cancel
FEXT coupling on another channels 1in the multi-channel
communication device.

In one vanation, the system further comprises a third
device configured to combine the discrete output and the one
or more delayed cancellation signals to create an input to the
decision feedback equalizer. The decision device may com-
prise a slicer having ten output levels. In one configuration,
cach multi-channel communication system comprises a sta-
tion and each station comprises four receivers.

In at least one embodiment a receiver 1s provided for use
in a multi-receiver system and 1s configured to receive two
or more signals via two or more channels. In one configu-
ration each respective receiver comprises an input config-
ured to accept a recerved signal and a decision device
configured to quantize a decision device mput signal to one
of two or more decision values, such that the decision device
input signal 1s based on the received signal. A first filter 1s
also part of the receiver and 1s configured to process the
decision values to create a first filtered signal. One or more
second filters are configured to process the decision values
and the first filtered signal to create an outgoing cancellation
signal tailored to cancel coupling on one or more other
channels. Also part of this embodiment are one or more
additional devices configured to receive one or more 1mcom-
ing cancellation signals from other receivers in the multi-
receiver system and process the one or more imcoming
cancellation signals, the first filtered signal, and the received
signal to cancel unwanted coupling in the received signal.

In one embodiment, the first filter comprises a digital filter
configured to generate a feedback signal that reduces
intersymbol interference. In one embodiment the decision
device quantizes the decision device mput signal to any one
often values based on a comparison to predetermined thresh-
olds. It 1s further contemplated that the one or more second
filters comprise digital filters having two or more coetl-
cients and the one or more second filters and the first filter
are configured to cancel coupling and reduce intersymbol
interference. The receiver may further comprise a third filter
comprising a feed forward filter that 1s configured to process
the received signal to reduce intersymbol interference.

Also disclosed 1s a method for reducing interference 1n a
multi-channel communication system having two or more
receivers and two or more channels. In one embodiment the
method comprises receiving a first signal on a first channel
with a first receiver and a second signal on a second channel
with a second recerver and then combining a feedback signal
with the first received signal to create a first combined
signal. Next, processing the first combined signal to reduce
intersymbol interference in the first combined signal to
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create a processed signal wherein the interference was
created by passage of the first signal through the first
channel. Next, the method combines the processed signal
with at least a first cancellation signal received from at least
the second receiver to create a feedback signal. Thereafter,
the method combines the feedback signal with the first
combined signal to create a second combined signal and
then processes the second combined signal to generate at
least a second cancellation signal.

In one embodiment the step of combining a feedback
signal with the first received signal cancels FEX'T coupling
in the first recerved signal. In one embodiment, the step of
processing the first combined signal comprises performing,
decision feedback equalization on the signal to generate a
signal that reduces intersymbol interference. Processing the
second combined signal to generate at least a second can-
cellation signal may comprise filtering the second combined
to 1solate ELFEXT coupling. In one configuration, the
second recerver 1s configured similarly to the first receiver
and the second receiver generates the first cancellation
signal and receives the second cancellation signal from the
first receiver. In addition, the method may further comprise
delaying the first cancellation signal to achieve proper
timing.

A receiwver configuration 1s also disclosed for FEXT
cancellation 1n a multi-channel communication system com-
prising a feedback loop that comprises a first device con-
figured to combine a received signal with a feedback signal
and one or more incoming cancellation signals to create a
combined signal. Part of this embodiment 1s also a decision
device configured to process the combined signal to generate
a decision output and a first filter. The first filter 1s configured
to generate the feedback signal based on the decision output
and the one or more incoming cancellation signals or a
delayed version of the one or more incoming cancellation
signals, wherein the one or more mmcoming cancellation
signals are received from one or more other recervers 1n the
multi-channel communication system. Also part of this
embodiment 1s one or more second filters configured to
receive at least the decision output and generate one or more
outgoing cancellation signals that are then routed to other
receivers 1n the multi-channel communication system.

In one embodiment, the first device comprises a subtrac-
tor or summing junction, the first type filter 1s configured to
account for the effects of the channel, and the one or more
second type filters are configured to account for coupling. In
one embodiment FEX'T cancellation 1s performed by the first
filter and an mcoming cancellation signal. In one embodi-
ment, the receiver further comprises a feed-forward filter
configured to process the received signal prior to the
received signal arriving at the feedback loop. In one con-
figuration, the receiver 1s associated with each channel 1n a
four-channel communication system and each receiver
receives an mcoming cancellation signal from each of the
other receivers.

Also disclosed herein 1s a method for canceling coupling
in a multi-channel communication system having two or
more receivers comprising the steps of receiving a signal
over a channel and also receiving at least one cancellation
signal from at least one of the other receivers in the
multi-channel communication system. The method then
processes the signal to account for the effect of the signal
passing through the channel thereby generating a processed
signal and combining the processed signal and the one or
more cancellation signals from the other receivers to gen-
erate a feedback signal. Thereafter, combining the feedback
signal with the received signal to cancel coupling 1n the
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received signal and then generating one or more outgoing
cancellation signals. The method then provides at least one
outgoing cancellation signal to at least one of the other
receivers 1n the multi-channel communication system.

This method may also include generating one or more
outgoing cancellation signals by generating one or more
cancellation signals with a filter configured to 1solate the
ELFEXT coupling. In one embodiment, the method further
comprises combining the feedback signal with the one or
more cancellation signals from the other receivers prior to
combining the feedback signal with the received signal to
reduce noise in the received signal. The processing may
turther comprise quantizing the combination of the received
signal and the one or more cancellation signals to one of one
or more discrete levels prior to processing.

Also disclosed herein 1s a method and apparatus to
perform processing at the transmitter to thereby pre-cancel
or precode unwanted coupling that will couple onto the
transmitted signal during passage of the signal through the
channel. In one embodiment a transmit system 1s configured
as part of a first station such that the first station has two or
more transmitters each of which are associated with a
channel. The transmitters are configured as part of a multi-
channel communication system that 1s configured to modity
a data signal prior to transmission by the transmitter from the
first station to a second station to reduce the eflects of
coupling on the data signal. In one embodiment at least one
of the transmitters in the transmit system comprises an input
configured to receirve a data signal, the data signal to be
transmitted over a first channel after processing by the
transmitter. Also part of this system 1s one or more filters
configured to generate one or more outgoing cancellation
signals, the one or more outgoing cancellation signals to be
provided to one or more other transmitters 1n the transmit
system to cancel, prior to transmission of the data signal,
FEXT coupling from the first channel to one or more other
channels. A device 1s also provided as part of this embodi-
ment that 1s configured to combine one or more mcoming
cancellation signals from the one or more other transmitters
within the transmit system with the signal so that the one or
more mcoming cancellation signals arriving from the one or
more other transmitters 1n the multi-channel communication
system are configured to cancel, prior to transmission of the
data signal, FEXT coupling, that will couple, from the one
or more other channels to the first channel.

In one embodiment, the device comprises a subtractor
coniigured to subtract the one or more incoming cancellation
signals from the data signal. In one embodiment, the one or
more {ilters comprise digital precode FEXT filters. For
example 1n one embodiment the digital precode FEX'T filter
1s associated with each of the other transmitters 1n the
transmit system and each digital precode FEXT filter 1s
configured to generate an incoming cancellation signal. It 1s
also contemplated that the transmitter may further comprise
a transmit precode filter 1n addition to the one or more filters
configured to generate one or more outgoing cancellation
signals.

Also disclosed 1s a coupling precode filter system con-
figured to modily two or more signals 1n a multi-transmutter,
multi-channel transmit system to cancel, prior to transmis-
sion, FEX'T coupling that may occur during transmission of
the two or more signals through the two or more channels.
In one embodiment, this system comprises a {first 1put
configured to receive a first signal and a second input
configured to receive a second signal. A first filter 1s also
provided and 1s configured to process the first signal to
generate a first cancellation signal so that the first cancel-
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lation signal cancels at least a portion of the coupling that
will couple from the first signal onto the second signal
during transmission. A second {ilter 1s also provided and 1s
configured to process the second signal to generate a second
cancellation signal so that the second cancellation signal
cancels at least a portion of the coupling that will couple
from the second signal onto the first signal during transmis-
sion. Also part of this system 1s a first device, configured to
combine the second cancellation signal with the first signal
prior to transmission of the first signal, and a second device
configured to combine the first cancellation signal with the
second signal prior to transmission of the second signal.
In one variation of this embodiment the first filter and
second filter are configured as non-causal filters. In one
embodiment the first filter 1s located 1n a first transmitter and
the second filter 1s located 1n a second transmitter and each
of the first transmitter and the second transmitter further
comprise a transmit precode filter. It 1s contemplated that the
coupling precode filter system may be configured to operate

in a four-channel environment and thereby further comprises
a third filter and a fourth filter.

Also disclosed herein 1s a method, for use 1n a multichan-
nel communication system having two or more transmaitters,
for FEXT cancellation of coupling from a first signal trans-
mitted on a first channel to a second signal transmitted on a
second channel. Such a method may comprise receiving a
first signal at a first transmitter and then performing first
processing on the first signal to create a first processed
signal. The method also routes the first processed signal to
one or more first transmitter cancellation filters and performs
second processing on the first processed signal with the one
or more first transmitter cancellation filters to create a
cancellation signal. Thereatter, routing the cancellation sig-
nal to a second transmitter and combining, prior to trans-
mission, the cancellation signal with a second signal being,
processed by a second transmitter to reduce the effects of
coupling of the first signal onto the second signal during
transmission.

In this configuration, the precode FEXT filter 1s config-
ured as a non-causal filter. In addition, the multi-channel
communication system may comprise at least one station
having four transmitters, each of which 1s associated with a
channel. Moreover, the method may further comprise
receiving a second cancellation signal at the first transmitter
and combining the second cancellation signal with the first
processed signal to reduce the eflects of coupling from the
second signal onto the first processed signal during trans-
mission. For example, the combining may comprise sub-
tracting the cancellation signal from the second signal.

Also disclosed 1s a method of FEX'T cancellation 1in a
four-channel communication system, wherein a transmitter
1s associated with each of the first channel, second channel,
third channel, and fourth channel. In one embodiment the
method may comprise receiving a first signal, second signal,
third signal, and fourth signal at each of a first transmitter,
second transmuitter, third transmitter, and fourth transmaitter
respectively and processing the first signal to generate a
second transmitter cancellation signal, a third transmitter
cancellation signal, and a fourth transmitter cancellation
signal. The method also comprises routing the second trans-
mitter cancellation signal, the third transmitter cancellation
signal, and a fourth transmitter cancellation signal to the
second transmuitter, third transmitter, and fourth transmaitter
respectively and then combining the second transmitter
cancellation signal, the third transmitter cancellation signal,
and the fourth transmitter cancellation signal with the sec-
ond signal, third signal, and fourth signal respectively. The
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step of combining cancels the effects of FEXT coupling onto
the second channel, third channel, and fourth channel that
will occur during transmission of a signal on the first
channel.

In one embodiment of this method the step of processing
the first signal comprises routing the first signal to a first
precode FEXT filter, a second precode FEXT filter, and third
precode FEXT filter and then processing the first signal in
cach of the precode FEXT filters to create the second
transmitter cancellation signal, the third transmitter cancel-
lation signal, and the fourth transmitter cancellation signal.
This method may further comprise receiving at the first
transmitter one or more incoming cancellations signals from
each of the second, third and fourth transmitters in the four
channel communication system and then combiming the one
or more incoming cancellations signals from each of the
other transmitters with the first signal to cancel the effects of
FEXT coupling on the first signal. In one variation the
method further comprises performing transmit precode {il-
tering on the first signal and the processing 1s performed by
one or more digital filters. It 1s contemplated that the transfer
function of the one or more digital filters may be selected to
cancel ELFEXT.

Other systems, methods, features and advantages of the
invention will be or will become apparent to one with skill
in the art upon examination of the following figures and
detailed description. It 1s mtended that all such additional
systems, methods, features and advantages be included
within this description, be within the scope of the invention,
and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The components in the figures are not necessarily to scale,
emphasis instead being placed upon illustrating the prin-
ciples of the invention. In the figures, like reference numer-
als designate corresponding parts throughout the difierent
VIEWS.

FIG. 1 illustrates a block diagram of an example embodi-
ment of a two station communication system.

FI1G. 2 illustrates a block diagram of a recerver/transmitter
pair.

FIG. 3 illustrates a block diagram of an example embodi-
ment of a multi-channel point-to-point communication sys-
tem.

FIG. 4 illustrates a block diagram of an example embodi-
ment of a transmitter.

FIG. 5 1illustrates a block diagram of a FEXT model
wherein FEXT that couples from a disturber channel onto a
victim channel passes through the victim channel.

FIG. 6 illustrates a block diagram of an example embodi-
ment of a receiver configured based on the invention
described herein.

FIG. 7 illustrates a block diagram of a FEXT model
wherein FEXT that couples from a disturber channel onto a
victim channel passes through the disturber channel prior to
coupling.

FIG. 8 illustrates a block diagram of an alternative
embodiment of a receiver configured according to the
present invention.

FIG. 9 illustrates a block diagram of an example embodi-
ment of a receiver configured in a multi-channel configura-
tion.

FIGS. 10A—-10C 1illustrate a block diagram of an example
embodiment of a transmitter configured 1n a multi-channel
configuration.
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FIGS. 11 A-11C 1illustrate a block diagram of an alterna-
tive example embodiment of a transmitter configured 1n a
multi-channel configuration.

FIGS. 12 A and 12B 1llustrate an operational flow diagram
of a general example method of coupling cancellation.

FIG. 13 illustrates an operational flow diagram of par-
ticular example method of coupling cancellation.

DETAILED DESCRIPTION

In reference to FIG. 2, a block diagram of a receiver/
transmitter pair 1s shown. A channel 212 connects a first
transceiver 230 to a second transceiver 234. The first trans-
ceiver 230 connects to the channel 212 via an interface 244.
The interface 244 1s configured to 1solate the incoming and
outgoing signals. The channel 212 may comprise more than
one conductor, and hence the interface 244 may periform
isolation for each channel based on direction of data tlow.
The receive module 238 and transmit module 242 may
comprise any assembly of hardware, software, or both
configured to operate in accordance with the principles
described herein.

The receive module 238 and transmit module 242 com-
municate with a processor 246. The processor 246 may
include or communicate with a memory 250. The processor
operates as described below in more detail and as would be
understood by one of ordinary skill in the art. The memory
250 may comprise one or more of the following types of
memory: RAM, ROM, hard disk drive, flash memory, or
EPROM. The processor 246 may be configured to perform
one or more calculations or signal analysis. In one embodi-
ment, the processor 246 1s configured to execute machine
readable code stored on the memory 250. The processor 246
may perform additional signal processing tasks as described
below.

The second transceiver 234 1s configured similarly to the
first transceiver 230. The second transceiver 234 comprises
an interface 252 connected to a recerver module 256 and a
transmitter module 260. The receiver module 256 and a
transmitter module 260 communicate with a processor 264,
which 1n turn connects to a memory 268. Operation occurs
as described below 1n more detail.

FI1G. 3 illustrates a block diagram of an exemplary multi-
channel point-to-point communication system. One exem-
plary application of such a multi-channel communication
system 1s a multi-gigabit transceiver utilizing any category
or class of unshielded twisted pair (UTP) cable supporting
Ethernet protocols. As shown, 1t includes a physical coding
sublayer (PCS) 302, 304 shown as coupled together over a
channel 312. In one embodiment, each channel comprises
twisted pair conductors. Each of the channels 312 1s coupled
between transceiver blocks 320 through a line interface 306,
and each channel 1s configured to communicate information
between transmitter/receiver circuits (transceivers) and the
physical coding sublayer (PCS) blocks 302, 304. Although
shown with four channels for purposes of discussion, any
number of channels and associated circuitry may be pro-
vided. In one embodiment, the transceivers 320 are capable
of full-duplex bidirectional operation. In one embodiment,
the transcervers 320 operate at an eflective rate of about 2.5
(1gabits per second.

FI1G. 4 1llustrates a block diagram of an example embodi-
ment of a transmitter. This 1s but one exemplary embodiment
of a transmitter. It 1s contemplated that other configurations
may be embodied by one of ordinary skill in the art. In the
exemplary configuration of FIG. 4, a data source 400
connects to a mapping module 404, which 1n turn connects
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to a transmit precode filter 408. It 1s contemplated that the
transmit precode filter 408 does not deal with FEXT can-
cellation. FEXT cancellation using a FEXT precode filter
(not shown 1n FIG. 4) that 1s 1n addition to or supplemental
to the transmait precode filter 408 1s discussed below 1n more
detail.

The data source 400 may comprise any source of data to
be transmitted over a channel. In one embodiment, the data
source 400 comprises a processing or networking layer of a
communication protocol. In one embodiment, the data
source 400 comprises a network processing device, for
example, a media access controller (MAC). In one embodi-
ment, the data arrives from application software executing
on a computer.

The mapping module 404 comprises hardware, software,
or a combination of both configured to transform the
received binary data into one or more symbols capable of
representing one or more bits of binary data. One example
mapping that may occur 1s pulse amplitude modulation
(PAM), wherein several bits of binary data are mapped 1nto
a single symbol. Another example mapping comprises
quadrature amplitude modulation (QAM). Any type map-
ping may be utilized. Through mapping, transmission of a
single symbol achieves transmission of several bits of infor-
mation thereby increasing data transfer rates.

In addition to mapping, the mapping module 404 may
incorporate forward error correction (FEC) coding.
Examples of FEC coding comprise convolutional coding
and trellis coding. It 1s contemplated that the method and
apparatus described herein may be utilized with any form of
error correction, or without error correction.

The transmit precode filter 408, which 1s discussed below
in greater detail, connects to the output of the mapping
module 404 and comprises a signal modification device
configured to manipulate the signal to counter the distorting
cllects of the channel. The transmait precode filter 408 may
be configured as a digital filter having coeflicient values set
to achieve a desired level of signal modification. In one
embodiment, the transmit precode filter 408 comprises a
fimte 1mpulse response filter adapted to at least partially
negate the distorting eflects of a channel.

The output of the transmit precode filter 408 connects to
a digital to analog (D/A) converter 412 to transiorm the
mapped signal to an analog format suitable for transmission
through a channel. Thereatfter, the signal 1s provided to a line
driver/amplifier 416. The line driver/amplifier 416 manipu-
lates the signal to a power level suitable for transmission
over the channel. The degree or level of amplification may
be dependant upon the power limits or specification as
defined by a particular communication protocol, crosstalk
and coupling concerns, and the distance to a receiver or a
repeater. The output of the line driver/amplifier 416 connects
to a transformer/hybrid 420. The transtormer/hybrid 420
provides 1solation between transmit and receive signals as
well as the channel 1itself. The output of the transformer/
hybrid 420 connects to a channel.

Prior to discussion of further embodiments, additional
discussion of far end crosstalk (FEXT) 1s warranted. In
general, FEXT 1s defined as far end cross talk, and as such
it 1s composed of, 1.e., 15 the convolution of, the channel
response and the ELFEXT response. ELFEX'T comprises the
equivalent coupling at the far end of the channel measured
with respect to an attenuated transmit signal. It 15 contem-
plated that the channel response can be that of the disturber
channel or the victim channel. Removing FEXT 1s made
difficult because FEXT 1s dependant on the length of the
channel and since the FEX'T signal may couple at the far end
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of the channel, the near end of the channel or anywhere 1n
between. As a result, the FEXT 1s also subject to ISI and
attenuation as 1t passes through the victim channel. Consid-
ering FEX'T as ELFEXT takes into consideration the efiects
of the channel, including the length and et " the

ects of
channel. Prior art solutions did not adequately address such
aspects. Through consideration of this and other aspects, a
more complete coupling cancellation system and method
may be realized.

FI1G. 3 illustrates a block diagram of an equivalent model
of coupling occurring prior to passage of the coupling
through the channel. This 1s but one possible system model.
It 1s contemplated that other system model configurations
may be utilized without departing from the scope of the
invention. As shown, a channel A transmitter 504 connects
to a channel A 508 having a transfer function or impulse
response shown by Q,(z) in block 512. Channel A 508
connects to a channel B receiver 516.

Similarly, a channel B transmitter 524 connects to a
channel B 528 having a transier function shown by Qx(z) 1n
block 532. Channel B 528 connects to a channel B receiver
536. Also included 1n FIG. 5 1s the coupling eflect between
channels shown within dashed line 540. The signal on
channel B 528 couples into channel A 508. The transfer
tfunction of the coupling 1s defined by block 544 as B ,(z).
Likewise, block 548 defines the coupling from channel A
into channel B as A (7).

As can be seen, the coupling 1n this example embodiment
1s shown as occurring before the effects of the channel 512,
532. Thus, the FEX'T signal that couples from channel A to
channel B 1s considered to be aflected by the transfer
function of the channel Q;(z) as 1t passes through channel B.
Thus, the transfer function for the FEX'T coupling from
channel A to channel B can be described as the ELFEXT
component A.(z) convolved with the transfer function of
channel B Qx(z).

FI1G. 6 1llustrates a block diagram of an example embodi-
ment of a FEX'T cancellation system based on a model of
FEXT coupling prior to passage through the victim channel
as shown 1n FIG. 5. In general, the system of FIG. 6 operates
to cancel FEXT on a victim channel utilizing the signals
received on the other channels. As an advantage of the
embodiment shown 1n FIG. 6, the processing benefits gained
by a receiver’s other filters, such as for example, the FFE
and DFE filters, are utlhzed when generating the FEXT
cancellation signal. As a result, the complexity of the
apparatus that generates the FEX'T cancellation signal may
be made less complex since part of the processing burden 1s
performed by other filter apparatus.

Turning now to FIG. 6, a channel A 604 connects to a feed
torward filter (FFE) 608 having transfer function F ,(z). In
one embodiment, the FFE 608 is configured to reduce
intersymbol interference. It i1s contemplated that one of
ordinary skill i the art 1s capable of FFE 608 construction
and 1s familiar with basic FFE operation. Accordingly, the
basic principles of FFE operation are not discussed 1n detail
herein beyond that associated with the new and distinctive
teatures of the invention. It 1s further contemplated that filter
or equalizer structures other than an FFE 608 may be utilized
without departing from the scope of the invention.

The output of the FFE 608 connects to a subtractor 612,
and the output of the subtractor connects to a decision device
616. The decision device 616 1s a device that quanitizes an
input to one of two or more possible values based on
analysis of the mput to one or more threshold values. In one
embodiment, the decision device 616 operates 1 conjunc-
tion with PAM10 mapping to quantize the mput s(n) to one
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of ten values. In one embodiment, the decision device 616
analyzes the received signal’s voltage level, after process-
ing, to determine the symbol sent over the channel. The
output of the decision device 616 may comprise any number
of discrete levels. As shown, the output of the decision
device 616 i1s fed back into an adder 620 and into an
ELFEXT filter 632. The output of the adder 620 1s provided
to a feedback filter 636 (DFE) having a transfer function of
Q ,(z)-1. It 1s contemplated that one of ordinary skill in the
art 1s capable of DFE 636 construction and i1s familiar with
basic DFE operation. Accordingly, the basic principles of
DFE operation are not discussed in detail herein beyond that
associated with the new and distinctive features of the
invention. It 1s further contemplated that filter or equalizer
structures other than an FFE 608 or DFE 636 may be utilized
without departing from the scope of the invention. Although
not shown, it 1s also contemplated that one or more delays
may be utilized as necessary and as would be understood by
one of ordinary skill 1n the art.

The terms adder, subtractor, summing junction or the like
should be interpreted broadly to mean any device configured
to combine signals. As can be appreciated by one of ordinary
skill 1n the art, subtraction 1s the equivalent of adding a
negative value.

The FFE 608 and the DFE 636 perform equalization on
the received signal to compensate for the distorting effects of
the channel. The DFE 636, as part of the feedback, receives
and weights past values, which are subsequently added 1n
the summing junction 640, then subtracted in element 612.
It 1s contemplated that the FFE 608 and DFE 636 may
possess coellicients, or other scaling values, associated with
one or more taps or stages of the FFE and the DFE. The
coellicient values are selected to achieve desired signal
equalization to thereby negate, reverse, or reduce the eflects
of the channel. In one embodiment, the FFE 608 and DFE
636 cocllicient values are selected based on the principles
described herein. In one embodiment, the coeflicient values
are arrived at using a least mean squared algorithm. In one
embodiment, the coetlicient values of the FFE 608 and DFE
636 arc calculated and selected to counter the signal dis-
torting eflects of the channel while mimimizing noise ampli-
fication and mimimizing the undesirable eflects of error
propagation through the DFE feedback loop.

The ELFEXT filter 632 comprises a filter configured to
estimate the ELFEX'T transfer function to thereby account
tor the ELFEX'T. Stated another way, the ELFEXT filter 632
has a transfer function A,(z) that mirrors the transfer func-
tion of the coupling from one channel to another. The
ELFEXT filter 632 may comprise any processing system or
device configured to generate a cancellation signal. In this
embodiment and as suggested by the model i FIG. §, the
coupling function of the ELFEXT filter 1s prior to passage of
the coupling through the channel.

The output of the adder 620 1s provided to a feedback
filter 636 shown as having a transfer function of QQ ,(z)-1. In
one embodiment, the feedback filter 636 1s configured to be
an estimate of the transfer function of the channel. The
teedback filter output 1s provided to an adder 640 which
combines the feedback filter output with a cancellation
signal from one or more other channels. In this embodiment,
the cancellation signal 1s recerved from a channel B cancel-
lation system, which 1s discussed below 1n more detail. The
output of the adder 640 1s provided to subtractor 612, where
the cancellation signal 1s subtracted from the received signal.
Since the cancellation signal 1s subtracted prior to the
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decision device 616, the decision by the decision device has
a higher likelihood of being correct. This improves system
performance and accuracy.

The apparatus of channel B 1s now discussed. Channel B
650 connects to a feed forward filter 654, the output of which
connects to a subtractor 658. The output of the subtractor
658 feeds 1into a decision device 662. The decision device
has an output that feeds into an adder 666 and an ELFEXT
filter 670. The ELFEXT filter 670 has a transfer function
B ,(z) and an output that connects to the adder 640, which 1s
discussed above, and 1nto a delay 674. The summing junc-
tion 666 also receives an mput from a delay 678. The delay
678 receives an input from the ELFEXT filter 632. The
delays 674, 678 account for propagation delay differences 1n
Q ,(z) and Qz(z) and/or to account for processing delay.

The output of summing junction 666 connects to a feed-
back filter 680 which has a transfer function defined as
Q,(z)-1. The output of the feedback filter 680 1s provided to
an adder 684, which also receives as an iput the output of
the ELFEXT filter 632. The adder 684 produces the cancel-
lation signal which 1s subtracted from the signal received on
channel B 1n subtractor 658.

The following discussion details operation of the cancel-
lation of the signal received on a victim channel, 1 this
example discussion channel A, from a disturber channel, 1n
this example discussion channel B. It 1s contemplated that
the principles shown and discussed herein may be extended
to any number of channels. The system shown in FIG. 6
receives a signal on channel A 604 and on channel B 650.
Both signals are processed 1n a generally similar manner by
the FFE 608, 654, the decision device 616, 662, and the
teedback filter 636, 680. Of importance, the output of
decision device 662 1s provided to the ELFEXT filter 670 for
processing. The output of decision device 662 1s assumed to
be an accurate decision of the actual signal sent from
transmitter B. The ELFEXT filter 670 1s configured or
trained to have a transfer function B ,(z) representing the
coupling from channel B to channel A, but it does not
represent the eflect or transfer function of channel A. The
output of the ELFEXT filter 1s provided to the adder 640,
wherein 1t 1s added with the output of the feedback filter 636.
As stated above, the feedback filter 1s configured or trained
to have a transier function of that of the channel with which
it 1s associated. As can be seen visually in FIG. 6, the
cascading of the ELFEXT filter output and the feedback
filter output results 1n a cancellation signal that accounts for
the FEXT coupling onto channel A from channel B and for
the passage of this FEXT coupling through channel A. The
delays are provided to account for different propagation
delay characteristics 1n Q ,(z) and Q;(z) or a signal process-
ing path associated therewith.

As an advantage to this embodiment, the processing
complexity of this operation 1s distributed between the filters
636, 670 for channel A and filters 680, 632 for channel B. As
a result, the complexity of each filter 1s reduced. Further-
more, the feedback filter 1s already a component 1n many
signal processing systems, and by utilizing its already avail-
able output, the process of FEX'T cancellation may be
realized with minimal additional processing requirements. I
a single filter 1s tasked with generating the FEX'T cancella-
tion signal, such a single filter would be undesirably com-
plex.

FI1G. 7 illustrates a block diagram of an equivalent model
of FEX'T coupling occurring after passage of the disturber
signal through the disturber channel. As shown, a channel A
transmitter 704 connects to a channel A 708 having a transier
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function or impulse response shown by Q ,(z) i block 712.
Channel A 708 connects to a channel A receiver 716.

Similarly, a channel B transmitter 724 connects to a
channel B 728 having a ftransfer function or impulse
response shown by Qz(z) 1 block 732. Channel B 728
connects to a channel B receiver 736. Also included 1n FIG.
7 1s the coupling eflect between channels shown within
dashed line 740. The signal on channel B 728 couples into
channel A 708. The impulse response or transfer function of
the coupling 1s defined by block 744 as B ,(z). Likewise,
block 748 defines the coupling from channel A mto channel
B as Az(z).

As can be seen, the coupling in this example embodiment
1s shown as occurring aiter the effects of the channel 708,
728. Thus, the FEX'T signal that couples from channel A to
channel B 1s considered to be aflected by the transfer
function of the channel Q ,(z) as it passes through channel A.
Thus, the transfer function for the FEXT coupling from
channel A to channel B can be described as the transfer
function of the ELFEX'T A;(z) convolved with the transfer
function of channel B Q ,(z). This 1s 1n contrast to the model
shown in FIG. 5, wherein the ELFEXT coupling from
channel A onto channel B 1s subject to the distorting etlects
of passage through channel B instead of channel A.

FIG. 8 illustrates a block diagram of an example embodi-
ment of a FEXT cancellation system based on a model of
FEXT coupling after passage through the disturber channel.
In general, this block diagram 1s based on the model of FIG.
7, and as such, 1t 1s configured to cancel FEXT coupling
from a disturber channel to a victim channel with the
assumption that the coupling signal first passes through
disturber channel prior to coupling onto the victim channel.

As shown 1n FIG. 8, a channel A 804 connects to a feed
forward filter 808, the output of which connects to a sub-
tractor 812. A decision device 816, such as a slicer, receives
the output of the subtractor 812 and provides 1ts output to a
teedback filter 820 and an adder 824. The adder 824 also
receives an input of the feedback filter 820 output. The
output of the adder 824 is provided to an ELFEXT filter 828
having a transfer tunction of A;(z). The ELFEXT filter 828
1s configured or trained to have a transfer function A,(z)
based on the ELFEXT that couples from channel A to
channel B. Accordingly, the output of the ELFEXT filter 828
1s a cancellation signal that 1s provided to channel B can-
cellation system which 1s now described.

Channel B connects to a FFE 858, which 1n turn connects
to a subtractor 862. The output of the subtractor 862 feeds
into a decision device 864, which has an output that connects
to both of a feedback filter 866 and an adder 870. The adder
870 also receives as an input the output from the feedback
filter 866, as does an adder 874. The output of the adder 870
teeds into an ELFEXT filter 880 having a transfer function
defined as B ,(z). The output of this ELFEXT filter 880 1s
connected to an adder 832 that 1s associated with channel A.
In turn, the output of adder 832 connects to subtractor 812.
Similarly, the output of ELFEXT filter 828 1s connected to
adder 874, which 1n turn connects to subtractor 862.

In operation, 1t 1s contemplated that the signal received
over channel A, the victim channel in this example discus-
sion, may contain FEXT coupling from the disturber chan-
nel, 1 this example, channel B. To cancel this FEXT
coupling and thereby improve the accuracy of the decision
device 816, the signal 1s received on channel B 854 and
processed by the FFE 858 and the feedback filter 866 to
create the signal at conductor 890. Thereafter, this signal 1s
added to the accurate decision from the decision device 864
by the adder 870 to create the input to the ELFEXT filter
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880. To this point, the processing that has occurred on the
signal recerved over channel B 854 accounts for the eflects
of channel B. To account for the effects of the ELFEXT, 1.e.,
the amount of coupling and not the etfects of the channel, the
ELFEXT filter 880 1s configured or trained to have a transfer
function that will create a signal that approximates the
amount of coupling from channel B to channel A. The output
of the ELFEXT filter 880 thus comprises the cancellation
signal that 1s provided to the channel A receiver via the adder
832, then to the subtractor 812 to be removed from the
received signal. In this manner, FEX'T coupling may be
removed.

As stated above 1 conjunction with FIG. 6, as an advan-
tage to this embodiment, the processing complexity of this
operation for FEXT reduction in the victim channel 1is
distributed between the filters 866, 880. As a result, the total
complexity 1s reduced. Furthermore, the feedback filter 866
1s already a component in many signal processing systems,
and by utilizing its already available output, the process of
FEXT cancellation may be realized with minimal additional
processing requirements, namely filter 880. IT a separate
single filter 1s tasked with generating the FEX'T cancellation
signal, then such a single filter would be undesirably com-
plex.

It should be noted that the principle described above in
conjunction with FIGS. 5-8 may be extended to more than
two channels. FIG. 9 illustrates a block diagram of an
example embodiment of the receiver shown i FIG. 8 1n a
multi-channel configuration, such as channel A through
channel M, where the vaniable M comprises any positive
integer. As compared to channel A shown 1n FIG. 8, similar
clements are labeled with similar reference numerals. As
shown, input channels 804A-804M, where M 1s any positive
integer, are received over a multi-conductor communication
system having M number of channels. In one embodiment,
there are more conductors than channels. The channels may
comprise any medium capable of carrying a signal or data,
such as but not limited to, any category or class of copper
cabling, wireless channels, fiber optic channels or cables,
free-space optic channels, twisted pair conductors or any
other conductive path, coaxial cables or other channels that
are currently or that may become available 1n the future.
Although shown with four channels, 1.e., where M equals
four, 1t 1s contemplated that the principles described herein
may be expanded to any number of channels or conductors.

Operation of clements 808, 816, and 820 occur as
described above 1n conjunction with FIG. 8. Additional
filters 828 are included as shown to account for the multi-
channel configuration. Although not shown with connecting
lines, the output of each filter 828 1s routed as an mput to an
adder junction 832. For example, the output of filter 828AB
comprises a cancellation signal A'; that comprises a cancel-
lation signal from disturber channel A that i1s provided to
victim channel B. Accordingly, adder 832B receives the
cancellation signal A'y, via mput 900B and utilizes the
cancellation signal A', to remove FEX'T that has coupled
from channel A onto Channel B. This process occurs for
cach of the filters 828 and channels as shown.

It 1s contemplated that the filter coeflicients 1n any of the
filters discussed in FIGS. 5-9 and 1n particular, the coetl-
cients of ELFEXT filter 828 1n FIG. 9, may be established
in any manner known in the art. Thus, the coetlicients may
be established during an initial training period or set at a
default value during manufacture. In one embodiment, the
least mean square algonthm 1s utilized to train or adapt the
ELFEXT filters. It 1s further contemplated that the filter
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thereby adapt to changing channel or environmental condi-
tions. In one embodiment, training of the ELFEXT filter
occurs while the filter 1s separate from the channel, such as
when the channel 1s not transmitting data and the effects of
ELFEXT may be isolated.

In some 1nstances, the signals required to generate the
FEXT cancellation signal do not arrive at a receiver con-
current with or prior to the arrival of the FEX'T signals that
are coupled onto the victim signal. For example, the signals
that are required to generate the FEX'T cancellation signal
are the signals that are transmitted on the disturber channels,
1.¢., the signals on channels other than the victim channel.
Hence, 11 a signal on a disturber channel has not arrived at
its associated recerver, then that signal 1s not available for
processing to generate a cancellation signal. This 1s particu-
larly troubling when the signal coupling from the disturber
channel onto the victim channel has already arrived at the
receiver associated with the victim channel. Such differ-
ences 1n arrival times may occur because FEX'T coupling
may propagate through the victim channel more quickly
than 1t propagates through the disturber channel. In addition,
some channels 1n a multi-channel communication system are
different lengths, thereby causing the signals to arrive at
different times relative to a common transmit time.

As a result, some FEXT coupling may be present as a
component of the signal on the victim channel even though
the signal that generated the coupling, 1.¢., the signal on the
disturber channel, has not yet arrived at the receiver asso-
ciated with the disturber channel. This portion of the FEX'T
coupling may be referred to as the non-causal portion of the
FEXT. In contrast, the causal portion of the FEXT may be
defined as the FEX'T components that arrive with or after the
arrival of the signal that generated the FEX'T on the disturber
channel.

Failure to account for the different arrival rate of FEXT
components, 1.e., the non-causal FEX'T components, may
hinder operation of the FEX'T cancellation system. This 1s
especially true as data communication rates increase, since
timing becomes more critical and each processing step
should be completed within constrained time limits. In one
embodiment, the method and apparatus disclosed herein
overcomes this challenge associated with FEXT cancella-
tion by incorporating FEXT cancellation operations in the
transmitter side of the communication system.

While 1t 1s contemplated that numerous filtering or FEXT
cancellation systems may be incorporated into the transmuit-
ter, in one embodiment a FEX'T precode filter 1s tailored to
perform FEXT cancellation 1n the transmitter. This operation
may also be referred to as pre-transmission FEXT cancel-
lation. The term precode filter as used herein 1s defined to
mean a filter located in the transmitter. In addition, the
concept of FEXT preceding occurs in addition to a possible
transmit precode filter that 1s i1dentified as element 408 in
FIG. 4.

In general, one or more FEXT precode filters may be
located 1in one or more of the transmitters 1n a multi-channel
communication system and may be trained to have a transfer
function that will modify a signal to thereby counter, 1n
advance of transmission, FEXT coupling that will occur on
the signal passing through the victim channel or that waill
couple to other channels. Use of a FEXT precode filter
allows the transmitter to counter a portion or all of the FEX'T
coupling prior to transmission. In one embodiment, the
non-causal aspects of the FEXT coupling, that 1s, the FEXT
coupling that arrives on the victim channel after the arrival
of that portion of the signal that generated the coupling, 1s
pre-cancelled 1n the transmitter.
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In one embodiment, precode FEXT cancellation com-
prises measuring the FEXT response for a channel at the
receiver and dividing by the impulse response of the line to
obtain the FEXT precode filter coeilicients. In another
embodiment, the FEX'T precode filter 1s trained using ret-
erence based training. In yet another embodiment, the filter
coellicients are dertved by training the filters associated with
only one channel at a time.

In one embodiment, all or a portion of the FEXT cancel-
lation 1s performed by a FEX'T precode filter such that the
FEXT precode filter 1solates the FEXT transfer function for
cach of the other channels 1n a multi-channel communica-
tion system and provides its output to each of the other
transmitters. The precode FEXT cancellation signal, which
1s generated by the FEXT precode filter, 1s combined with
the signals being transmitted on the other channels prior to
transmission. Alternatively, the transmitted signal may be
modified utilizing an inline precode FEXT filter. This may
occur for each transmitter 1n a multi-channel communication
system. The coellicients for the FEXT precode filter may be
established by processing that occurs in the transmitter or
processing that occurs in the receiver.

FI1G. 10 1llustrates a block diagram of an example embodi-
ment of a transmitter configured with a precode FEXT filter
system. This example embodiment 1s configured as a four
channel communication device; however, it 1s contemplated
that in other embodiments the principles may be extended to
any communication system having two or more channels.

In reference to the channel A transmitter, a data source not
shown provides one or more signals to a front-end process-
ing module 1004 A, which 1n this embodiment 1s configured
as a mapping module with optional forward error correction.
The output of the front-end processing module 1004 A feeds
into a transmit precode filter 1008A such as would be
utilized to account for intersymbol interference. Any type
transmit precode filter 1008 A may be utilized. The transmit
precode filter may be considered analogous to the transmit
precode filter as shown in FIG. 4.

The output of the transmit precode filter 1008 A connects
to a subtractor 1012A and one or more precode FEXT filters
1030A 1030 M. The output of precode FEX'T filters 1030
generate FEX'T cancellation signals that are routed to other
transmitters at a station so that the generated cancellation
signals may be utilized by the transmitters associated with
the other channels to precode a portion of the FEXT out of
the transmitted signals. For example, precode FEXT filter
1030A  generates a cancellation signal A'; that represents
the FEXT cancellation signal, generated by the signal to be
transmitted over channel A, that 1s provided to the channel
B transmitter to precode, 1.e., pre-cancel, FEXT coupling
that will couple from channel A to channel B. The precode
FEXT filters 1030 may comprise any type of filter capable
of generating a cancellation signal. In one embodiment,
these filters comprise digital filters. In one embodiment, the
precode FEXT filters 1030 comprise an adaptive digital
filter. In one embodiment, the precode FEXT filters 1030
comprise any type of filter capable of manipulating an 1input
signal to generate a FEX'T cancellation signal. The precode
FEXT filters 1030 may comprise, but are not limited to, the
following types of filters or any variation thereof: finite
impulse response {ilter, infinite 1mpulse response filter or
transform domain filter. It 1s further contemplated that the
precode FEX'T filter may comprise a transposed or trans-
versal configuration, or any other configuration.

As shown 1n the transmitter associated with channel A, a
subtractor 1012A receives the output from the transmait
precode filter 1008A and the cancellation signal from the
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precode FEXT filters associated with the other channels,
namely filters 10308 ,, 1030C ,, 1030 M ,. In one embodi-
ment, the subtractor 1012 A subtracts the cancellation signals
B',, C', and M' , from the channel A signal, while in another
embodiment the subtractor 1012A adds the cancellation
signals B' ,, C', and M', to the channel A signal.

The output of the subtractor 1012A connects to a digital
to analog converter 1016 A, which 1n turn provides an analog
output to a line driver 1020. The digital to analog converter
1016 A and the line drniver 1020A operate 1n a manner as
would be understood by one of ordinary skill in the art.

The apparatus associated with the transmitter for channel
B, channel C, and channel M operates and comprises
generally similar systems and methods of operation. Accord-
ingly, similar reference numbers to those shown for channel
A, modified by an appropriate channel identifier, are asso-
ciated with each of the other channels’ transmit systems.

In one embodiment, the precode FEXT filters 1030
located 1n the two or more transmitters operate 1n conjunc-
tion with the ELFEXT filters described above that are
located 1n the receivers. In such an embodiment, a portion of
the FEXT cancellation may occur in the transmitter and a
portion may occur 1n the recerver. In one configuration, one
or more of the ELFEXT f{ilter coeflicients of the receiver
FEXT filter are set to zero or another nominal value. It 1s
contemplated that these coeflicients comprise the coetl-
cients that account for the non-causal portion of the FEXT
coupling as seen by the receivers. In such an embodiment,
it 1s the precode FEXT filter that cancels the FEXT that
would otherwise be canceled by these coeflicients. Hence,
the precode FEXT filters 1030 may be considered a non-
causal filter.

Stated another way, to account for the FEXT coupling on
the victim signal that arrives prior to the arrival, at the other
receivers, of the disturber signals that generated the FEXT
coupling, certain aspects of FEXT cancellation are trans-
terred to the precode FEXT filter that may be located 1n a
transmitter. In one embodiment, the aspects of FEXT can-
cellation that are transierred to the precode FEXT filter
comprise those aspects that cancel non-casual FEXT. This
occurs because non-causal FEX'T 1s considered to arrive on
the victim channel prior to the arrival, at other receivers in
the multi-channel communication system, of the signals on
the disturber channels from which the FEXT couples.
Hence, the duties performed by one or more coetlicients of
the ELFEXT filters may be transferred to the precode FEXT
filter 1030. As a result, certain coeflicients of the FEXT
filters located 1n the recerver may optionally be set to zero.
In one embodiment, an 1dentical number of coeflicient
values are transierred from the ELFEXT filter to the precode
FEXT filter. Although any number of coellicients values
may be set to zero, in one embodiment, 24 receiver filter
coeflicients are set to zero. In one embodiment, the number
ol coeflicients set to zero 1s less than 12. In another embodi-
ment, the number of coetlicients set to zero 1s between 12
and 24. It 1s also contemplated that more than 24 of the
receiver filter coellicients may be set to zero.

In an alternative preferred embodiment shown 1n FIG. 11,
the precode FEXT filters 1030 are located before the trans-
mit precode filter 1008 as shown. This configuration
achieves the advantage of simpler training since the standard
precode filter 1s part of the FEX'T channel. It 1s contemplated
that one of ordinary skill in the art may arrive at other
configurations that do not depart from scope of the claims
that follow.

FIGS. 12A and 12B illustrate an operational flow diagram
of an example method of operation of one embodiment of
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the invention. The method of operation shown 1in FIGS. 12A
and 12B encompasses operation of a system having the
precode FEXT cancellation and receiver FEX'T cancellation
capability. It 1s contemplated, however, that other embodi-
ments may implement only one of these types of FEXT
cancellation without departing from the scope of the inven-
tion. In reference to FIG. 12A, at a step 1204, a transmutter
at a first station of a multi-channel communication system

receives a victim signal from a signal source. It 1s contem-
plated that the transmitter comprises a victim transmitter
because 1t transmits a signal onto which other signals will
couple. Similarly, for purposes of discussion, the victim
signal travels through a victim channel and 1s received by a
victim receiver. The term ‘victim signal® 1s utilized to
distinguish 1t from a ‘disturber signal,” which 1s a signal that
causes or 1s responsible for coupling onto the victim signal.
A disturber channel 1s defined to mean a channel that carries
a signal that couples onto the victim channel. The disturber
signal on the disturber channel 1s utilized to generate FEXT
cancellation signals, which are subtracted from the victim
signal either before transmission, after reception, or both. In
this embodiment, signals are transmitted from a first station
to a second station.

Next or concurrently, at a step 1206, the other transmitters
in the multi-transmitter communication system receive dis-
turber signals that are to be transmitted from the first station
to a second station. Hence, 1t 1s contemplated that multiple
signals are simultaneously transmitted over two or more
channels.

Thereafter, at a step 1208, the victim transmitter processes
the victim signal with one or more precode FEXT filters to
generate precode FEXT cancellation signals. The operation
and configuration of the precode FEXT filters 1s discussed
above, and thus 1s not discussed again. At step 1212, the
system processes the disturber signals using one or more
precede FEXT filters to generate FEX'T cancellation signals
which will be provided to the victim channel. Thus, 1n one
embodiment, precode FEX'T filters 1n each transmitter pro-
cess the outgoing signals, which have not yet been trans-
mitted, to generate a cancellation signal for each of the other
channels. In one embodiment, a unique precode FEXT
cancellation signal 1s generated by each precode FEXT filter
for each of the other channels, while 1n another embodiment
a single signal 1s generated by each transmitter for use by
cach channel. In one embodiment, processing by the precode
FEXT filter comprises generating a signal that has a transfer
function generally equivalent to the non-causal portion of
the FEXT which will couple onto the other victim channels
to which the particular precode FEXT filter output will be
provided. Operation of a filter 1s generally understood by
one of ordinary skill 1n the art, and hence 1s not discussed 1n
detail here. At a step 1216, the FEX'T cancellation signals
from each precode FEXT filter are routed to the appropriate
transmitter. Reference to FIGS. 10 and 11 may aid in
understanding of the routing of FEX'T cancellation signals.

At a step 1220, the system subtracts, from the victim
signal, the FEXT cancellation signals generated by process-
ing the disturber signals. Similarly, at a step 1224 the system
subtracts, from the disturber signals, the FEXT cancellation
signals generated by processing the victim signals. As a
result of the subtracting the FEXT cancellation signal from
cach of the signals on the other channels 1n the transmutter,
the non-causal FEXT coupling i1s canceled prior to trans-
mission. This provides the advantage of canceling the FEXT
coupling that the FEX'T filters located in the receiver would
be unable to remove because the signal generating the
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coupling will have not yet arrived at the second station when
the cancellation process occurs within receivers.

Next, at step 1224, this process 1s repeated 1n the other
transmitters. In particular, the system subtracts, from the
disturber signal, the FEXT cancellation signals generated by
processing ol the victim signal. Hence, 1t 1s contemplated
that all the reference transmitters receives one or more
cancellation signals from the other transmitters 1n the multi-
transmitter communication system. In this embodiment,
cach transmitter associated with a disturber channel provides
at least one cancellation signal to the other transmitters of
the other channels and the transmitter associated with the
victim channel sends at least one cancellation signal to the
other transmitters of the other channels. It 1s contemplated
that 1n some embodiments, only certain transmitters may
generate cancellation signals.

At step 1232, the transmitters transmit the victim signal
and the disturber signals from the first station to the second
station of the multi-channel communication system. In one
embodiment, four channels are utilized to transmit four
signal. At step 1236, one or more receivers receive and
process the victim signal to generate a processed victim
signal. The processing may comprise any type ol processing,
that occurs 1n a receiver. In one embodiment, the processing
comprises processing to reduce or eliminate intersymbol
interference. In general, this type of processing accounts for
the eflects of the channel. In other embodiments, resource
sharing type processing may occur. As an advantage to the
method of operation of this embodiment, the shared pro-
cessing reduces the computational complexity of burden of
the FEX'T cancellation filtering done in the receiver. It 1s
contemplated that the processing of step 1236 may occur
prior to or after processing of the signal by an ELFEXT
filtering.

Turning now to FIG. 12B, at a step 1240, the processed
disturber signal 1s provided to one or more FEXT filters that
are located 1n the disturber receiver. This may be a part of a
more 1involved processing operation, as would be understood
in light of FIGS. 6 and 8. Also at a step 1244, one or more
receivers recerve and process the disturber signals to gen-
crate one or more processed disturber signals.

At a step 1244, the receiver system manipulates the
processed victim signal using one or more ELFEXT filters
to generate FEX'T cancellation signals. At a step 1246, the
receiver systems manipulate the processed disturber signals
using ELFEXT filter(s) to generate FEX'T cancellation sig-
nals. At a step 1248, the FEX'T cancellation signals gener-
ated from manipulating the disturber signal are distributed to
the receivers associated with the victim channel. Next, at a
step 1252, the FEXT cancellation signals generated from the
disturber signals are subtracted from the victim signal.

A process similar to step 1248 and 1252 occurs at steps
1256 and 1260 whereby the receivers of the second station
distribute the FEXT cancellation signals from the victim
channel to receivers associated with the disturber channel.
Thereatter, at step 1260, these signals are subtracted from
the disturber signals. It 1s contemplated that this method of
operation may occur continuously to cancel FEXT coupling
during data transmission between the first station and the
second station. At a step 1264, the operation continues 1n this
manner to generate and output a signal having the FEXT
coupling cancelled. It 1s contemplated that each signal can
be labeled a disturber signal 1n relation to one or more of the
other signals on the other channels. Hence, each channel
suflers from coupling from the other channels, and hence it
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follows that both channels may be considered a disturber
channel and a victim channel, depending on the point of
reference.

FIG. 13 illustrates a more detailed operational tflow dia-
gram of an example method of operation of the system of
FIG. 6. This 1s but one possible example method of opera-
tion and, as such, 1t 1s contemplated that other methods, such
as those oflered 1n the other figures, may be enabled without
departing from the claims that follow. In addition, this
example method of operation only discusses removal of
coupling from a victim signal, but it 1s contemplated that this
FEXT coupling removal process may occur within any or all
of the receivers in a multi-channel communication system.
At a step 1304, the receiver recerves a victim signal. It 1s
assumed that the victim signal contains unwanted coupling
from a disturber channel. Thereafter, at step 1308, the
disturber signal 1s received. The disturber signal 1s utilized
to generate a cancellation signal that when combined with
the victim signal, will reduce or eliminate the coupling from
the disturber signal to the victim signal.

Accordingly, at a step 1312, the receiver associated with
the victim channel utilizes feed-forward and/or feedback
filtering to generate a first processed victim signal. Similarly,
at step 1316, the recerver associated with the disturber signal
utilizes a feed-forward and/or a feedback filter to generate a
first processed disturber signal. Processing of the disturber
signal with the feed-forward and/or feedback filters aids in
signal processing burden when generating the cancellation
signal, discussed below, 1n that the feed-forward and/or
teedback filtering accounts for the eflects of the channel on
the coupling signal while the ELFEXT filter may be trained
to account for the coupling and not the effects of the channel.

Thereafter, at a step 1320, the first processed disturber
signal 1s provided to an ELFEXT filter configured to gen-
crate, at a step 1324, a cancellation signal that will cancel the
coupling from the disturber signal onto the victim signal.
The configuration of the ELFEXT filter 1s described above,
and hence a duplicate discussion 1s not repeated. Next, at a
step 1328, the FEXT cancellation signal from the ELFEXT
filter 1s subtracted from the first processed signal to create a
second processed signal. In one embodiment, the second
processed signal comprises the output of a feedback filter
with the cancellation signal subtracted therefrom. At a step
1332, the operation subtracts the second processed signal
from the incoming signal, such as after processing by a
feed-forward signal, to remove FEXT coupling from the
received victim signal. In other embodiments, the second
processed signal may be generated 1n other manners or may
be subtracted from the incoming signal at a different stage of
processing.

While various embodiments of the invention have been
described, it will be apparent to those of ordinary skill 1n the
art that many more embodiments and implementations are
possible that are within the scope of this mvention.

What 1s claimed 1s:

1. A transmit system configured as part of a first station,
the first station having two or more transmitters, each
associated with a channel, configured as part of a multi-
channel communication system configured to modify a data
signal prior to transmission by the transmitter from the first
station to a second station to reduce the effects of coupling
on the data signal, at least one of the transmitters in the
transmit system comprising:

an input configured to recerve a data signal, the data signal
to be transmitted over a first channel after processing
by the transmuitter;
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one or more filters configured to generate one or more
outgoing cancellation signals, the one or more outgoing,
cancellation signals to be provided to one or more other
transmitters in the transmit system to cancel, prior to
transmission of the data signal, FEXT coupling from
the first channel to one or more other channels; and

a device configured to combine one or more mcoming,
cancellation signals from the one or more other trans-
mitters within the transmit system with the signal, the
one or more incoming cancellation signals arriving
from the one or more other transmitters 1n the multi-
channel communication system to cancel, prior to
transmission of the data signal, FEXT coupling from
the one or more other channels to the first channel.

2. The transmitter of claim 1, wherein the device com-
prises a subtractor configured to subtract the one or more
incoming cancellation signals from the data signal.

3. The transmitter of claim 1, wherein the one or more
filters comprise digital precode FEXT filters.

4. The transmitter of claim 3, wherein a digital precode
FEXT filter 1s associated with each of the other transmaitters
in the transmit system and each digital precode FEXT filter
1s configured to generate an incoming cancellation signal.

5. The transmitter of claim 1, wherein the filter comprises
a precode filter configured to cancel FEX'T coupling.

6. The transmitter of claim 1, further comprising a trans-
mit precode filter in addition to the one or more filters
configured to generate one or more outgoing cancellation
signals.

7. A coupling precode filter system configured to modily
two or more signals 1 a multi-transmitter, multi-channel
transmit system to cancel, prior to transmission, FEXT
coupling that may occur during transmaission of the two or
more signals through two or more channels comprising:

a first mput configured to recerve a first signal;

a second mmput configured to receive a second signal;

a first filter configured to process the first signal to
generate a first cancellation signal, wherein the first
cancellation signal cancels at least a portion of coupling
that will couple from the first signal onto the second
signal during transmission;

a second filter configured to process the second signal to
generate a second cancellation signal, wherein the
second cancellation signal cancels at least a portion of
coupling that will couple from the second signal onto
the first signal during transmission;

a first device configured to combine the second cancel-
lation signal with the first signal prior to transmission
of the first signal; and

a second device configured to combine the first cancel-
lation signal with the second signal prior to transmis-
sion of the second signal.

8. The coupling precode filter system of claim 7, wherein

the first filter and second filter are configured as non-causal
filters.

9. The coupling precode filter system of claim 7, wherein
the first filter 1s located 1n a first transmitter and the second
filter 1s located 1n a second transmitter and each of the first
transmitter and the second transmitter further comprise a
transmit precode {ilter.

10. The coupling precode filter system of claim 7, wherein
the first device and the second device comprise subtractors.

11. The coupling precode filter system of claim 7, wherein
the coupling precode filter system 1s configured to operate in
a four channel environment and thereby further comprises a
third filter and a fourth filter.
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12. A method, for use 1n a multi-channel communication
system having two or more transmitters, for FEX'T cancel-
lation of coupling from a first signal transmitted on a first
channel to a second signal transmitted on a second channel,
the method comprising:

receiving a first signal at a first transmuitter;

performing first processing on the first signal to create a

first processed signal;

routing the first processed signal to one or more first

transmitter cancellation filters;

performing second processing on the first processed sig-

nal with the one or more first transmitter cancellation
filters to create a cancellation signal;

routing the cancellation signal to a second transmutter; and

combining, prior to transmission, the cancellation signal

with a second signal being processed by a second
transmuitter to reduce the effects of coupling of the first
signal onto the second signal during transmission.

13. The method of claim 12, wherein performing second

processing comprises precode filtering utilizing a precode
FEXT filter.

14. The method of claim 12, wherein the precode FEXT
filter 1s configured as a non-causal filter.

15. The method of claim 12, wherein the multi-channel
communication system comprises at least one station having
four transmitters, each of which 1s associated with a channel.

16. The method of claim 12, further comprising receiving
a second cancellation signal at the first transmitter and
combining the second cancellation signal with the first
processed signal to reduce the eflects of coupling from the
second signal onto the first processed signal during trans-
mission.

17. The method of claam 12, wherein the combining
comprises subtracting the cancellation signal from the sec-
ond signal.

18. A method of FEXT cancellation 1n a four channel
communication system, wherein a transmitter 1s associated
with each of the first channel, second channel, third channel,
and fourth channel, the method comprising:

receiving a first signal, second signal, third signal, and

fourth signal at each of a first transmitter, second
transmitter, third transmitter, and fourth transmitter
respectively;
processing the first signal to generate a second transmaitter
cancellation signal, a third transmitter cancellation sig-
nal, and a fourth transmitter cancellation signal;

routing the second transmitter cancellation signal, the
third transmitter cancellation signal, and a fourth trans-
mitter cancellation signal to the second transmitter,
third transmitter, and fourth transmitter respectively;
and

combining the second transmitter cancellation signal, the

third transmitter cancellation signal, and the fourth
transmitter cancellation signal with the second signal,
third signal, and fourth signal respectively, wherein the
combining cancels the effects of FEXT coupling onto
the second channel, third channel, and fourth channel
that will occur during transmission of a signal on the
first channel.
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19. The method of claim 18, wherein the communication
system operates based on an Ethernet standard.

20. The method of claim 18, wherein processing the first
signal comprises:

routing the first signal to a first precode FEXT filter, a
second precode FEXT filter, and third precode FEXT

filter; and

processing the first signal 1n each of the precode FEXT
filters to create the second transmitter cancellation
signal, the third transmitter cancellation signal, and the
fourth transmitter cancellation signal.

21. The method of claim 18, further comprising receiving,
at the first transmitter one or more mcoming cancellations
signals from each of the second, third and fourth transmaitters
in the four channel communication system and combining
the one or more incoming cancellations signals from each of
the other transmitters with the first signal to cancel the
cllects of FEXT coupling on the first signal.

22. The method of claim 18, further comprising perform-
ing transmit precode filtering on the first signal.

23. The method of claim 18, wherein the processing 1s
performed by one or more digital filters.

24. The method of claim 23, wherein the transfer function

of the one or more digital filters 1s selected to cancel
ELFEXT.

25. A FEXT cancellation system for use i a multi-
channel communication system comprising:

a {irst transmitter associated with a first channel compris-
ng:
means for processing data to generate a first channel

signal; means for filtering the first channel signal to
generate one or more outgoing cancellation signals;

means for providing the one or more outgoing cancella-
tion signals to one or more other transmitters in the
multi-channel communication system, wherein the one
or more outgoing cancellation signals cancel FEXT
coupling that will couple during transmission of the
first channel signal onto one or more other channel
signals;

means for receiving one or more incoming cancellation
signal from the one or more other transmitters in the
multi-channel communication system; and

means for combining the one or more mcoming cancel-
lation signals with the first channel signal to thereby
cancel FEXT coupling that will couple into the first
channel signal during transmission.

26. The system of claim 235, wherein the means for
combining comprises a device selected from the group of
devices consisting of a subtractor and an adder.

277. The system of claim 25, further comprising a transmit
precode filter configured to process the signal to account for
intersymbol 1nterference.

28. The system of claim 235, wherein the means for
filtering comprises one or more digital precode FEXT f{ilters.
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